Purpose: We evaluated whether enhancement of the cochlear modiolus could be visualized 24 hours after intratympanic injection of gadolinium diethylenetriamine penta-acetic acid (Gd-DTPA) using a 3-dimensional real inversion recovery sequence combined with a 32-channel head coil at 3 tesla. Intratympanic injection of Gd-DTPA has been reported for visualizing endolymphatic hydrops in Meniere's disease, and its use has shown communication between the cochlear perilymph and cerebrospinal ‰uid in the internal auditory canal. Although the cochlear modiolus has been considered the route for this communication, this has not been conˆrmed through direct visualization of its enhancement.
Introduction
Enhancement of perilymphatic ‰uid on magnetic resonance (MR) images after intratympanic injection of gadolinium diethylenetriamine penta-acetic acid (Gd-DTPA) has been reported 1 and enabled visualization of endolymphatic hydrops in patients with Meniere's disease. In these patients, 3-dimensional ‰uid-attenuated inversion recovery (3D-FLAIR) obtained after intratympanic injection of Gd-DTPA at 3 tesla (T) has demonstrated enlarged endolymphatic space as an area of low signal intensity partly surrounded by perilymphatic ‰uid of high signal. 1 Further technical developments have enabled the separation of bone, endolymphatic space, and perilymphatic space on a single image using a 3D inversion recovery turbo spin echo with real reconstruction (3D-real IR) sequence instead of 3D-FLAIR. 2 In this study, we set the inversion time of the 3D-real IR sequence to the average of 2 null points-of endolymph containing no Gd-DTPA and perilymph containing infused Gd-DTPA. By revealing the border between endolymph and surrounding bone, 3D-real IR more convincingly dened endolymphatic hydrops than did 3D-FLAIR. 3 After intratympanic injection, Gd-DTPA enters the perilymph in the scala tympani through the round window membrane and diŠuses longitudinally toward the upper turn, but enhancement of the scala vestibuli before the Gd-DTPA reaches the helicotrema suggests the possibility of interscalar or radial communication. 4 This radial communication route is speculated to exist in the lateral wall of the cochlea or spiral ligament. 4 A recent histological study revealed that the cochlear modiolus is highly porous and allows communication between the perilymph and perivascular and perineural space in the modiolus, serving as the interscalar communication route as well as a communication route H. Kawai et al.
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between the perilymph and cerebrospinal ‰uid (CSF). 5 Because CSF in the fundus of the internal auditory canal (IAC) is often enhanced on 3D-FLAIR after intratympanic administration of Gd-DTPA, it has been speculated that communication between the perilymph and CSF occurs mostly through the modiolus and not the cochlear aqueduct or singular canal. 6 However, conˆrmation of the existence of micropores in the modiolus of each subject requires direct visualization of enhancement of the cochlear modiolus. To our knowledge, this has not been done using MR imaging. Because the modiolus is a highly porous, small bony structure, optimal evaluation of its enhancement would necessitate a shorter echo train length to avoid blurring. Recently, a 32-channel head coil that provides excellent signalto-noise ratios has been available clinically at 3T. 7 We evaluated whether we could visualize enhancement of the cochlear modiolus after intratympanic injection of Gd-DTPA using a 3D-real IR sequence with high spatial resolution combined with a shorter echo train length and a 32-channel head coil at 3T. In addition, we evaluated the correlation of modiolus enhancement with that of CSF in the IAC fundus to conˆrm further that the modiolus was the actual communication route between the perilymph and CSF in the IAC fundus.
Materials and Methods

Patients
We identiˆed 21 patients who underwent unilateral intratympanic injection of 8-fold diluted Gd-DTPA (gadopentetate dimeglumine; Magnevist, Bayer, Osaka, Japan) from July 1, 2008 to June 30, 2009 and excluded two with head motion during MR scanning. Nineteen patients underwent further evaluation, 15 with clinically diagnosed Meniere's disease, 2 with sudden sensorineural hearing loss, and one each with low-tone sensorineural hearing loss and delayed endolymphatic hydrops. The 10 men and 9 women were aged 16 to 80 years (mean age 50.6 years, standard deviation 18.3).
Patients with severe vertigo were scheduled for therapy with intratympanic injection of gentamicin and those with sensorineural hearing loss, with a steroid. Gd-DTPA was injected intratympanically to evaluate the status of the endolymphatic space and simulate distribution of the therapeutic drug.
The medical ethics committee of our university hospital approved the study, and we obtained written informed consent from all patients.
Intratympanic gadolinium injection
Intratympanic gadolinium injection was detailed in a previous study, 1 in which a delay of 24 hours between injection and MR imaging was found optimal to allow wide distribution of the gadolinium within the perilymphatic space of the labyrinth. With the patient placed supine with his or her head turned approximately 309away from the sagittal line toward the healthy ear, we injected Gd-DTPA diluted 8-fold with saline (v/v 1:7) through the tympanic membrane using a 23-gauge needle and a onemL syringe.
MR imaging
All scans were performed on a 3-tesla MR scanner (MAGNETOM Trio, a TIM System, Siemens Medical Solutions; Erlangen, Germany) using a receive-only 32-channel phased-array coil. Images were acquired 24 hours after intratympanic injection of diluted Gd-DTPA.
To obtain reference images of the anatomy of the labyrinthine ‰uid and space, we performed T 2 -weighted, 3-dimensional constructive interference in steady state (3D-CISS) imaging: 0.4-mm isotropic voxels; repetition time (TR), 6.4 ms; echo time (TE), 3.2 ms; and ‰ip angle, 50 degrees. The scan time was 3.5 min.
The 3D-real IR protocol comprised: conventional 3D turbo spin echo (TSE) sequence with constant ‰ip angle of 180 degrees for the TSE train; TR, 6000 ms; TE, 182 ms; inversion time (TI), 1650 ms; slab-selective inversion pulse; echo train length, 27; echo spacing, 12.2 ms;ˆeld of view (FOV), 160 mm; matrix 384×384×30; slice thickness, 0.8 mm with a slice partial-Fourier factor of 6/8; bandwidth, 213 Hz/pixel; and reconstruction modè`r eal.'' We employed generalized auto-calibrating partially parallel acquisitions (GRAPPA), a parallel imaging technique, with an acceleration factor of 2, and scan time was 15 min. Voxel size was 0.4 mm×0.4 mm×0.8 mm.``Real'' reconstruction allows positive and negative signal intensity values. 2 
Image evaluation Qualitative evaluation
Two radiologists independently reviewed the 3D-real IR images and resolved discrepancies by consensus. Enhancement in the cochlear modiolus and in the CSF of the IAC fundus was evaluated as negative or positive in reference to the anatomical position of these structures on 3D-CISS.
Contrast enhancement of the modiolus was positive when both (1) signal in the modiolus was apparently higher than that of the non-injected side on 3D-real IR imaging, and (2) it was possible to evaluate the modiolus on at least one slice of 3D-real IR without the partial-volume eŠect eŠectively averaging its signal with that of the perilymph ‰uid. This was conˆrmed by review of the neighboring slices of 3D-real IR. To ensure the absence of partial-volume eŠect from the perilymph, 3D-CISS images were also used for reference.
As previously reported, 6 contrast enhancement of CSF space in the fundus of the IAC was considered positive if both of the following conditions were satisˆed: (1) no mass other than the cranial nerves was observed in the space on 3D-CISS, and (2) the intensity of the space was the same or higher than that of the contralateral side on 3D-real IR images.
Quantitative evaluation
To delineate the cochlear modiolus precisely without including perilymph ‰uid, we measured the contrast ratio (CR) between the cochlear modiolus and cerebellar white matter by drawing a region of interest (ROI) on 3D-real IR while referring to 3D-CISS images. We carefully excluded the partialvolume averaging eŠect by referring to the neighboring slices. The ROI for the modiolus was dened as a circle enclosing at least one mm 2 . The ROI for the cerebellar white matter was deˆned as a circle with a diameter of one cm. The CR value was deˆned as the signal of the modiolus divided by that of cerebellar white matter on the same side. We used Student's t-test to compare CR values of the injected and non-injected sides in the 19 patients. We also quantitatively evaluated contrast enhancement of CSF in the IAC fundus using a method similar to that for the modiolus. We measured the contrast ratio (CR) between CSF space of the IAC fundus and cerebellar white matter by drawing an ROI on 3D-real IR while referring to 3D-CISS images to delineate the space precisely. The CR value was deˆned as the signal of CSF space in the fundus of the ipsilateral IAC divided by that of cerebellar white matter on the same side. We compared CR values of the injected and non-injected sides in the 19 patients using Student's t-test. The ROI for CSF in the IAC fundus was deˆned as a circle enclosing at least 0.6 mm 2 . The ROI for cerebellar white matter was deˆned as a circle with a diameter of one cm. We assessed the correlation between the CR of the modiolus and that of CSF in the IAC fundus using Spearman's rank correlation coe‹cient.
Endolymphatic hydrops
By consensus, 2 radiologists evaluated endolymphatic hydrops using previously proposed grading criteria for the cochlea and vestibule, 8 1 (mild), or 2 (signiˆcant) . The correlation between the grade of endolymphatic hydrops and the CR of the ipsilateral modiolus was assessed using Spearman's rank correlation coe‹-cient.
Results
We observed no side eŠects related to the intratympanic injection. Table details results of enhancement and endolymphatic hydrops. In all subjects, perilymph enhancement was seen on 3D-real IR images, and enhancement of the modiolus and CSF of the IAC fundus was visually recognized in the qualitative analysis (Fig. 1) .
In the quantitative analysis, the CR between the cochlear modiolus and cerebellar white matter on the injected side was 1.09±1.23, and that of the non-injected side was -0.48±0.38 (Pº0.01). In all subjects, the CR of the modiolus was larger on the injected side than on the non-injected side. The CR between CSF in the IAC fundus and cerebellar white matter on the injected side was -1.86±0.94, and that of the non-injected side was -3.87±0.72 (Pº0.01).
There was a signiˆcant positive correlation between the CR of the modiolus and the CR of CSF in the fundus of the IAC on the injected side (r s ＝ 0.64, Pº0.01) (Fig. 2) . There was no signiˆcant correlation between the CR of the modiolus and the grade of endolymphatic hydrops whether in the cochlea (r s ＝-0.001) or the vestibule (r s ＝0.22).
Discussion
Various reports have investigated the shape and structure of the cochlear modiolus in patients with enlarged endolymphatic duct and sac syndrome, [9] [10] [11] agenesis of the cochlear nerve, 6 and X-linked sensorineural hearing loss 12 and in those who are candidates for a cochlear implant. 13 The cochear modiolus is also a target structure for future cell replacement therapy of the inner ear. 14, 15 To our knowledge, ours is theˆrst report evaluating enhancement of the cochlear modiolus by diagnostic imaging.
The distribution routes of an intratympanically administered agent are important in the development of otological medicine, such as intratympanic gentamicin therapy for Meniere's disease, intratympanic steroid therapy for sudden deafness, and future cell replacement therapies for the inner ear. Because human sensory epithelium and spiral ganglion neurons do not regenerate after injury or aging, cell replacement is highly anticipated for treating hearing loss and other disorders of the inner ear. 14, 15 Stem cells and embryonic neurons would be transplanted to the scala tympani through the round window membrane, the most accessible route from outside the inner ear. In an animal model, implanted cells were found near spiral ganglions after migrating through pores in the cochlear modiolus. 14 Knowledge of individual microscopic anatomy of the cochlear modiolus will be important to successful cell replacement therapies. 5 The cochlear modiolus is also important for homeostasis of the inner ear ‰uid environment. 5 Communication between the scala tympani and scala vestibuli depends on the canalicular system in the modiolus. Communication between the perilymph and CSF in the IAC, which also seems to depend on the modiolus, is important for production of perilymph. 5 Thus, functional evaluation of the cochlear modiolus appears to be vitally important for the development of otological medicine.
A previous study suggested that communication between the perilymph and CSF occurs mostly through the modiolus and not the cochlear aqueduct or singular canal because no such communication was seen in patients with a potentially immature modiolus. 6 Those patients with potentially immature modiolus had enlarged endolymphatic duct and sac syndrome or agenesis of the cochlear nerve. The present study showed a positive correlation between the CR of the modiolus and of CSF in the IAC fundus. Combinedˆndings of the previous and current study suggest further support that communication routes exist in the modiolus.
There was no signiˆcant correlation between the CR of the modiolus and the grade of endolymphatic hydrops. If there are communication routes between perilymph and CSF in the IAC fundus, the CR of the modiolus would naturally depend on the concentration of Gd-DTPA in the cochlear perilymph space, which, in turn, depends on the permeability of the round window membrane, clearance function of the Eustachian tube, desquamation over the round window, clearance function of the modiolus, and other variables. 16 In addition, the distribution of Gd-DTPA in the perilymph diŠers greatly among individuals. 16 Even if there is a rela- The present study has several limitations. One is that the study population showed symptoms such as hearing loss or vertigo but included neither healthy subjects nor deaf patients.
In addition, although we struggled to exclude the partial-volume averaging eŠect of perilymph completely for quantitative analysis of the modiolar signal, the complex shape of the modiolus may have prevented total exclusion, even with the 0.4 mm× 0.4 mm×0.8 mm voxel size of the present 3D-real IR protocol.
A previous study using 3D-FLAIR imaging acquired with the SPACE (sampling perfection with application optimized contrasts with diŠerent ‰ip angle evolution) technique 6, 17 showed communication between the perilymph and CSF in the IAC fundus and no enhancement of the modiolus with a voxel size of 0.7 mm×0.7 mm×0.8 mm. This may have been due to the small size of the modiolus and the small amount of Gd-DTPA it contained as well as to a low signal-to-noise ratio in the vicinity of the modiolus during 3D-FLAIR acquisition with a 12-channel head coil and a relatively long echo train length of 119. We applied higher spatial resolution and shorter echo train length using 3D-real IR and achieved a higher signal-to-noise ratio using a 32-channel head coil. These factors are thought to have enabled the visualization of cochlear modiolar enhancement synergistically.
In conclusion, space in the cochlear modiolus allows distribution of Gd-DTPA from perilymph in the labyrinth and is suggested to connect perilymph and CSF in the IAC. Use of a 3D-real IR sequence and 32-channel coil at 3T with intratympanic administration of Gd-DTPA can reveal the microscopic anatomy of the cochlear modiolus. This procedure may be useful for evaluating functional abnormalities of the modiolus not detected by conventional imaging tests, although further study is necessary to establish the clinical indication of modiolar evaluation as shown in the present study. Evaluating the functional anatomy of the modiolus in individual patients may be important for developing otological therapies, such as intratympanic drug administration or cell replacement for the inner ear.
